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ABSTRACT
In the age of Kepler and CoRoT, extended observations have provided estimates of
stellar pulsation frequencies that have achieved new levels of precision, regularly ex-
ceeding fractional levels of a few parts in 104. These high levels of precision now in
principle exceed the point where one can ignore the Doppler shift of pulsation frequen-
cies caused by the motion of a star relative to the observer. We present a correction for
these Doppler shifts and use previously published pulsation frequencies to demonstrate
the significance of the effect. We suggest that reported pulsation frequencies should be
routinely corrected for stellar line-of-sight velocity Doppler shifts, or if a line-of-sight
velocity estimate is not available, the frame of reference in which the frequencies are
reported should be clearly stated.
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1 INTRODUCTION
It is a golden age for asteroseismology with both Ke-
pler (Gilliland et al. 2010) and CoRoT (Michel et al. 2008;
Appourchaux et al. 2008) having provided high-quality time
series for analysis. In the coming years, missions like K2,
TESS, PLATO, and SONG will further our understand-
ing of the Galaxy and our place in it, and asteroseismology
will significantly contribute to this. Asteroseismology has al-
ready allowed us to study a large number of stars in detail
(see Chaplin & Miglio 2013, for a review on solar-like oscil-
lations) based on measured frequencies of the rich spectra
of overtones shown by these stars.
It is well known that measured frequencies and periods
must be corrected for Doppler velocity shifts between the
source and the observer. Kepler time series are routinely
corrected for spacecraft orbital motion equivalent barycen-
tric arrival times, while CoRoT time series are corrected
to the slightly less preferable heliocentric arrival times. Al-
though it is known that a Doppler shift from the motion
of a star relative to, for example, the solar system barycen-
tre shifts measured frequencies (e.g. see Pigulski & Boratyn
1992; Pajdosz 1995; Rodler & Guggenberger 2005), this cor-
rection has been routinely ignored, most likely due to it be-
ing in the majority cases smaller than the quoted frequency
uncertainties. However, recent observational developments
⋆ E-mail: davies@bison.ph.bham.ac.uk
in the field – especially long timeseries data collected by
CoRoT and Kepler, notably on solar-like oscillators – are
providing us with frequencies of high precision which the
community is starting to exploit for detailed stellar mod-
elling. It is therefore crucial that accurate intrinsic stellar
oscillation frequencies are reported.
In this paper we consider the impact of Doppler shifts due to
stellar motion on previously published frequencies, for differ-
ent categories of pulsating stars. We show that the correction
is, in many cases, statistically significant. Finally, we pro-
vide a brief discussion on the significance of this systematic
effect on the estimates of fundamental stellar properties.
2 THE EFFECT
The relativistic Doppler effect for motion along the line of
sight is well defined. Consider the radial velocity vr, with
β = vr/c, such that a positive velocity produces a redshift.
If the frequency emitted by the source is νs and the observed
frequency is νo, then the two frequencies are related by , and
furthermore well approximated if v ≪ c:
νs =
√
1 + β
1− β
νo ≃ (1 + β)νo. (1)
When spectroscopic observations provide an estimated line-
of-sight velocity shift vspec in the solar system barycentric
frame, the Doppler shift is calculable. By applying Equation
1 to the observed frequencies, νo, we may obtain estimates
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of the frequencies νs in the frame of reference of the target
star. These are the Doppler-shift corrected frequencies that
we seek.
Measured spectroscopic radial velocities contain contribu-
tions from effects that are not strictly speaking line-of-sight
velocities. For the Sun there are contributions from gravita-
tional redshift (vgrs,⊙ ≈ 633m s
−1) and convective blueshift
(a few tens of m s−1). For white dwarfs, the gravitational
redshift can be of the order of a few tens of km s−1. We will
assume the effect of convective blueshift to be negligible.
Gravitational redshift is a consequence of gravitational time
dilation, so that signals emitted in lower gravitational poten-
tials are redshifted. On the assumption that spectroscopic
observables and pulsation signals are emitted at the same
height in the stellar photosphere, both signals will be red-
shifted due to time dilation and both signals will be red-
shifted by the same amount. Hence a correction for the
line-of-sight Doppler shift that uses a spectroscopic measure
which includes a contribution from vgrs will correct for the
gravitational time dilation of the emitted pulsation signal.
Hence, we can estimate,
β =
v
c
≈
vspec
c
. (2)
We assume here that the observer, for both spectroscopic
and pulsation observations, is at the same distance from the
source and not in an independent gravitational potential well
of their own. For most purposes it will be sufficient to treat
uncertainties in Doppler shifted pulsations as,
σνs ≈
√
1 + β
1− β
σνo ≃ (1 + β)σνo . (3)
3 THE PRECISION AND ACCURACY OF
PULSATION FREQUENCIES
3.1 The distribution of vspec in the Kepler field
Full exploitation of the potential of asteroseismic observa-
tions requires complementary data from follow-up obser-
vations. Ground-based spectroscopic campaigns can pro-
vide the Teff and [Fe/H] (see e.g. Bruntt et al. 2004, 2012;
Molenda-Z˙akowicz et al. 2013) required for determining fun-
damental stellar parameters such as mass, radius, and age.
A natural output of this spectroscopic work is the radial ve-
locity of the star. The precision of the determined radial ve-
locity is typically much better than 1 km s−1. Typically, the
uncertainty on the source frequency can be approximated as
the observed frequency uncertainty multiplied by 1 + β. In
this limit, uncertainties on the stellar pulsation frequencies
are not increased significantly by applying the correction.
Figure 1 shows a distribution of measured radial velocities
for a population of stars in the Kepler field taken from spec-
troscopic data collected by the SDSS-III Apache Point Ob-
servatory Galactic Evolution Experiment (Ahn et al. 2014).
We note that the median of the distribution is −13 km s−1
with a standard deviation of 43 kms−1. The order of mag-
nitude for a typical Doppler shift correction is v/c ≈
−13 km s−1/c ≈ 10−4 which might initially be regarded as
a small effect. However, the quoted uncertainties on pulsa-
tion frequencies measured for coherent oscillations or more
recently by Kepler and CoRoT for stochastic oscillations are
regularly below this threshold.
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Figure 1. The distribution of spectroscopic redshift velocities
from APOGEE for a sample stars in the Kepler field of view. The
red curve shows a normal distribution with mean −13 km s−1 and
standard deviation 43 km s−1.
3.2 Example stars
To demonstrate that the Doppler shift correction is signifi-
cant in terms of precision we have selected a number of stars
of interest with published pulsation frequencies. Table 1 lists
the example stars together with the parameters required to
apply the Doppler shift correction.
Our selection of stars includes a Galactic halo member (KIC
7341231) and at least one thick disk member (KOI-3158).
In terms of stellar pulsation classification, our list is dom-
inated by solar-like oscillators but does include two clas-
sical pulsators that define their classes, namely ZZ Ceti
and RR Lyrae. Because of its high amplitude pulsation, RR
Lyrae undergoes significant changes to its radius and here
we adopt a radius consistent with a minimum value. In ad-
dition, McCook & Sion (1999) do not supply an uncertainty
for the spectroscopic radial velocity so we have adopted an
uncertainty of 0.1 kms−1.
The precision in the measurement of the spectroscopic red-
shift is high for all the listed stars, which means that the
uncertainties in the pulsation frequencies in the frame of
the star will not be significantly increased with respect to
the uncertainties of the uncorrected frequencies.
Figure 2 shows the difference between corrected and uncor-
rected frequencies and then the same differences divided by
the frequency uncertainties. Frequencies shown are a selec-
tion of the published frequencies. For the solar-like oscil-
lators, only the dipole modes of oscillation are shown and
modes with large error bars (and hence little constraint) are
not plotted to avoid overcomplicating the plot. It is clear
that corrections for the Doppler velocity shift can be highly
significant.
The published frequencies of oscillation were extracted from
datasets that are shorter than those available from the
longest Kepler time series (≈ 1470 days). As detailed anal-
yses are performed with the full data sets, the precision in
the frequencies is expected to increase. As an example, the
published frequencies of the solar analogues 16 Cyg A and
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Table 1. Example stars and adopted properties. For the solar-like oscillators 16 Cyg A & B, HD173701, KOI-3158, KIC 7341231, and
Kepler-56 we have used results from observations taken by Kepler. Frequencies for the solar-like oscillators HD169392 and HD52265 have
been taken from CoRoT observations. Kepler has observed the classical pulsator RR Lyrae (for RR Lyrae we ignore the variation of the
pulsation frequency caused by the Blazhko effect and also ignore the line-of-sight velocity due to the pulsation itself that may contribute
of order upto ten km s−1) and the white dwarf ZZ Ceti has been observed as part of a ground based photometric campaign.
ID Mass Radius Typical frequency vspec Source of Published
(M⊙) (R⊙) (µHz) (km s−1) frequencies
16 Cyg A 1.11± 0.02a 1.243± 0.008a 2201 −27.61± 0.08d Metcalfe et al. (2012)
16 Cyg B 1.07± 0.02a 1.127± 0.007a 2567 −28.02± 0.08d Metcalfe et al. (2012)
HD 173701 1.114± 0.017f 0.99± 0.015f 3550 −45.64± 0.08d Appourchaux et al. (2012)
KOI-3158 0.758± 0.043p 0.752± 0.014p 4500 −121.9± 0.1h Campante et al. (Sub)
KIC 7341231 0.77− 0.88b 2.6b 406 −269.16± 0.14e Deheuvels et al. (2012)
Kepler-56 1.32 ± 0.13c 4.23± 0.15c 244 −54.4± 0.1x Huber et al. (2013)
HD169392 1.15 ± 0.01j 1.88± 0.02j 1030 −68.1606 ± 0.0004j Mathur et al. (2013)
HD52265 1.24± 0.02k 1.33± 0.02k 2000 53.86± 0.09d Ballot et al. (2011)
ZZ Ceti 0.609± 0.012l 0.149 ± 0.001l 4000 91.2m Mukadam et al. (2013)
RR Lyrae 0.65n 5.1adopted 20 −56.48± 0.06o Kolenberg et al. (2011)
a (Metcalfe et al. 2012), b (Deheuvels et al. 2012), c (Huber et al. 2013), d (Nidever et al. 2002),
e (Latham et al. 2002), f (Gruberbauer et al. 2013), g (Chaplin et al. 2014), h (Nordstro¨m et al. 2004)
j (Mathur et al. 2013), k (Escobar et al. 2012) l (Mukadam et al. 2013), m (McCook & Sion 1999)
n (Kolenberg et al. 2010), o (Nemec et al. 2013),
p Campante et al. (Submitted), x Buchhave private comm.
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Figure 2. Differences in published (e.g. solar-system barycentric frame of reference) and Doppler shift corrected (source frame of
reference) pulsation frequencies for a selection of stars and modes of oscillation. The left panel gives the differences as a function of
frequency while the right panel displays the difference divided by the uncertainty.
B come from 3 months of data. If the full compliment of
Kepler data is used (around 30 months) the precision can
be expected to improve as T−1/2 where T is the length of
the data set (Libbrecht 1992). Hence, the 16 Cyg frequencies
from the full Kepler data set may be as much as 3 times more
precise than the current published values. This increase in
precision makes a correction for Doppler shifts even more
significant.
4 DISCUSSION
The impact of this Doppler correction on reported funda-
mental properties and parameters is difficult to assess. For
a single star, the correction we detail here is a straightfor-
ward correction for a bias that is systematic on all pulsation
frequencies. One might reasonably argue that the correction
should be applied no matter what the perceived impact on
measured fundamental properties. However, that said there
are challenges in comparing observed pulsation frequencies
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with model frequencies beyond this relatively small effect.
For example, there is currently significant uncertainty in
the physics of modelled stars and their modelled pulsation
frequencies, in many cases a dominant component of any
differences.
4.1 Solar-like pulsations
Solar-like pulsations are characterised by modes that are
stochastically excited and intrinsically damped by near-
surface convection. Modes have finite lifetimes and hence
resonant peaks in the frequency domain typically have width
that impacts the uncertainty in the pulsation frequencies.
Precision in solar-like modes of pulsation is much less than
that of classical pulsations and hence the level of effect for an
individual mode is small but nevertheless often (just about)
significant. However, many tens of modes may be detected
in a solar-like oscillator, and the Doppler shift effect does
not cancel out from mode to mode. This can make the shift
very significant in terms of a simple observed-to-corrected
χ2 statistic.
For more evolved sub-giant and red giant stars, modes of
mixed character (mixed acoustic and buoyancy modes) are
observable with very long life times, implying narrow width
in the frequency domain and high levels of precision. Here
the size of the frequency shift is tempered by more evolved
stars having observable modes of oscillation that lie at lower
frequencies. However, the example red giant star Kepler-56
shows frequency shifts of very high significance.
The largest impact on fundamental properties comes when
observed individual frequencies have been directly compared
to modelled frequencies. However, much of the effect will be
mitigated by the treatment of the so called “surface correc-
tion” . In fact, a Doppler shift applied to all frequencies by
a constant factor is equivalent to a homologous scaling (see
the factor r in Kjeldsen, Bedding & Christensen-Dalsgaard
2008). Hence, the surface term has the ability to absorb, to
some degree, systematics introduced by Doppler shifts.
It is also possible to model stars by using combinations of
frequencies, frequency differences or ratios, in order to mit-
igate the effects of the surface term and this will suppress
significantly the impact of any Doppler shift. Because of the
linear nature of the Doppler correction, differences in fre-
quency are fractionally shifted by approximately β. If the
fractional uncertainty in the difference in frequency is much
larger than β, then the significance of the impact of the
Doppler effect is negligible. Hence, for stars with parame-
ters and properties that are well characterised by frequency
spacings (e.g. rotational splitting), this Doppler correction
is unlikely to be significant. Even more so, for analyses that
use frequency ratios (that is ratios of similar frequencies;
Roxburgh & Vorontsov 2003) the Doppler correction is very,
very small.
Some stars might also be expected to show frequency shifts
due to stellar activity cycles. In the Sun observed as a star,
pulsation frequencies are shifted by as much as 0.5µHz
which is equivalent to a Doppler velocity shift of around
50 kms−1. However, follow-up observations, e.g. monitoring
radial velocity, star-spot activity, or calcium II H & K lines,
have the potential to distinguish between a changing radial
velocity and genuine activity-cycle shifts.
4.2 Classical pulsators
Here we characterise classical pulsators as stars with coher-
ent or near coherent, pulsations. The frequencies of observed
coherent pulsations can be estimated to a very high level of
precision. This means that even quite small Doppler shifts
can give rise to significant corrections to the observed fre-
quencies. However, small effects may not be important to
fundamental properties. Modelled frequencies of pulsation
for many classes of classical pulsator cannot achieve the re-
quired precision to be fully exploit the observed precision.
This may be a limiting factor when considering the impact
on fundamental properties.
With the increased precision for classical pulsators comes
the ability to detect and identify small effects, for example
signals from orbital companions or secular stellar evolution.
So far we have assumed that there is no change in the
observer-source line-of-sight velocity. It is possible to detect
changes in pulsation frequency due to a secular change in
radial velocity (Pajdosz 1995). Significant changes that oc-
cur on time scales of the same order or less than the length
of observation should be treated differently to the above. If
the temporal evolution of the radial velocity is well known
and precise then a correction can be applied directly to the
observation time stamps. If the change in line-of-sight ve-
locity is not known it is possible to estimate changes from
the evolution of the pulsations (Pigulski & Boratyn 1992;
Shibahashi & Kurtz 2012; Murphy et al. 2014). Multi-star
or star-planet systems are candidates for this type of anal-
ysis. We also note that line-of-sight Doppler shifts will be
present in measured planetary and eclipsing binary periods,
often quoted with fractional precisions of better than 10−5.
5 CONCLUSION
Methods for estimating the frequencies of stellar pulsations
should ideally include an effort to account for all forms of
uncertainty, at least where a correction is significant and
warranted. Here we show the trivial method to account for
line-of-sight Doppler velocity shifts. To apply such a cor-
rection, an estimate of the line-of-sight velocity is required.
We suggest that spectroscopic studies of pulsating stars rou-
tinely publish the measured radial velocity in the solar sys-
tem barycentric frame of reference for use in asteroseismic
analysis.
We believe it to be a matter of principle that published
frequencies and their uncertainties should account for any
known, tractable, and non-negligible bias (while also stat-
ing limitations that cannot be overcome). In the case of a
known Doppler shift, the effect is understood, the correc-
tion is trivial, and we have shown the effect to be significant
on individual frequencies for a number of stars. We would
propose that future asteroseismic analyses publish frequen-
cies corrected for Doppler shifts, together with the adopted
spectroscopic radial velocity and the date of observation.
This will prevent ambiguity and allow for the possibility of
revision if more suitable spectroscopic observations become
available. In the absence of a vspec measurement, the uncor-
rected frequencies should be published and labelled clearly.
In terms of stellar modelling, one could use a prior prob-
ability distribution, formed from measurements similar to
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Figure 1, to fully account for the additional uncertainty.
While at present it may be true that model predicted pul-
sation frequencies cannot make full use of the the precision
provided by observations, one would hope that that this will
not remain the case in the coming years. Hence we believe
that published frequencies should make this Doppler correc-
tion. Alternatively, sufficient information should be provided
to allow such a correction, e.g. one should state which frame
of reference the published frequencies are expressed in1.
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